Abstract
Introduction
Coumarin derivatives occur in a variety of natural products and biologically active compounds, [1] [2] [3] [4] [5] while they are utilized also in various practical applications. 6, 7 Particularly derivatives combining coumarin and imidazole moieties present interesting properties. Chromeno [3,4-d] imidazol-4(3H)-ones appear to have biological actions as phosphodiesterase (PDE) VII inhibitors, 8, 9 for the treatment of inflammatory disorders, autoimmune diseases, 8 and movement disorders. 9 They can behave as antagonists of toll-like receptor (TLR) 7, 10 CNS depressants, 11, 12 and growth inhibitors for mammalian cancer. 13 They have also been studied as benzodiazepine receptors, 14 being isosters to oxazolo [4,5-c] quinolin-4-ones. 15 Chromeno [3,4-d] imidazol-4(3H)-one in conjugates can further act as aromatase inhibitors, 16 cytochrome P450 enzymes inhibitors, 17 antifungals, 18 anticancers, 19 antibacterials, 20 fluoresence agents, 21 against hepatitis C virus. 22 A few approaches for the synthesis of fused imidazolocoumarin derivatives have been developed: (a) Formation of the pyranone ring, for the N-substituted chromeno [3,4-d] imidazol-4(1H)-ones, by cyclization of alkyl 5-(2-hydroxyphenyl)-1H-imidazole-4-carboxylates under heating in acid 10 or MW irradiation in the presence of base. 23 (b) Imidazole ring formation in the benzene moiety of coumarin by the reactions of odiaminocoumarins with acids or aldehydes under heating. 24 These synthetic processes are analogous to the preparation of benzimidazole derivatives. 25 N-substituted chromeno [3,4-d] imidazol-4(1H)-ones were prepared by the reaction of 4-alkylamino-3-aminocoumarin in boiling formic acid. 11, 12 The parent chromeno [3,4-d] imidazol-4(1H)-one was derived from the reaction of 3-amino-4-tert-butylaminocoumarin with formic acid, 11, 12 or from 3,4-diaminocoumarin by refluxing a formic acid solution, 26, 27 or by heating a polyphosphoric acid (PPA) dispersion containing formic acid at 140ºC. 20 The 2-phenylchromeno [3,4-d] imidazol-4(1H)-ones was obtained from the corresponding 3-benzoylamino-4-aminocoumarins by heating at 310-320ºC or the corresponding 4-amino-3-iminocoumarin by oxidation with Pb(OCOCH3)4. 14 The 2-propyl-, isopropyl-, benzyl-, 2'-phenylethyl-substituted compounds was formed in moderate yields from the corresponding 4-amidino-3-nitrocoumarins under treating with NaBH4 and 10% Pd/C. 13 The starting 3,4-diaminocoumarin was prepared from the corresponding 4-amino-3-nitrocoumarins by electrochemical reduction 26, 27 or reduction with hydrogen 11, 12, 28 in Pd/BaSO4 or Pd/C or with Zn in HCl 20 .
Triphenylphosphine (PPh3) is a versatile reagent for the reduction of different compounds including azides 29 (Staudinger reaction), disulfides, 30 sulfonyl chloride, 31 peroxides, 32 ozonides, 33 nitroso compounds, 34 N-oxides. 35 Through the reduction of nitro compounds in the Cadogan-type reductive cyclization indoles, carbazoles, benzimidazoles and benzopyrazoles have been prepared. [36] [37] [38] PPA is a powerful dehydrating agent with low nucleophilicity and moderate activity useful for the synthesis of nitrogen heterocycles. 39, 40 In our recent work in the synthesis of coumarin derivatives fused with a 5-membered heterocyclic ring, [41] [42] [43] we have used the PPh3 for the one-pot synthesis of of 4H-chromeno [3,4-d] oxazol-4-ones from 4-hydroxy-3-nitrocoumarin in the presence of acids and phosphorus pentoxide. 41 Building on the latter, we would like to present, herein, the one-pot synthesis of chromeno [3,4-d] imidazol-4(1H)-ones from 4-amino-3-nitrocoumarin in the presence of acids, PPh3 and PPA.
Results and Discussion
The reactions studied and the products obtained are depicted in Scheme 1. At first, the starting 4-amino-3-nitrocoumarin 44, 45 (1) is obtained from 4-chloro-3-nitrocoumarin 46, 47 by treatment with 7M methanolic solution of NH3. The suitable conditions for the one-pot tandem transformation of 1 to the fused The reaction of 1 with propionic acid (2c) at 140°C resulted to 2-ethyl-substituted imidazolocoumarin 4c with 92% yield (Table 1, entry 7) . The 2-propyl-and 2-butylimidazolocoumarins 4d and 4e was obtained at 150°C from the reactions of 1 with butanoic acid (2d) and pentanoic acid (2e) respectively in excellent yields (Table 1, entries 8,9 ). The one-pot tandem reactions of 1 with the acids 2f-i led also to the 2-substituted chromeno [3,4-d] imidazol-4(1H)-ones 4f-i in 85-87% yield (Table 1 , entries 10-13). The methoxyacetic acid (2j) at lower temperature (130°C) resulted to a complicated mixture (Table 1, entry 14) . Lower temperature (110°C) is necessary for trifluoroacetic acid (2k) (Table 1, entry 15). As we observed above, bulkier acids need higher temperature for this transformation.
The fused coumarins 4 were also quantitatively prepared by the treatment of amides like the 6a,b with PPA under microwave irradiation (Method D) .The reaction of amide 6a with PPA in toluene under microwaves at 100°C for 1 h resulted quantitatively to unsubstituted compound 4a ( Table 1 , entry 16). Recently 4a was prepared in 67% yield by heating a PPA suspension of 3,4-diaminocoumarin (5) and formic acid (2a) for 45 min at 140°C. 26, 27 The reactions of amides 6b,c gave the fused coumarins 4b,c by irradiation at 130°C or 140°C respectively (Table 1 , entries 17,18). The amides 6d-i at 150°C led also quantitatively to the compounds 4d-i (Table 1 , entries [19] [20] [21] [22] [23] [24] , while amides 6j,k at 130°C or 100°C respectively resulted to 4j,k (Table 1 , entries 25, 26 ). An effort to increase the temperature for 6j to 140°C resulted in rapid increase of pressure and the mixture carbonized. (Table 1 , entry 3), while the similar reaction with acetic acid (2b) at 130°C gave mainly the acetamide 6b ( Table 1 , entry 4). The latter reaction at 120°C led only to 6b in 92% yield ( Table 2 , entry 2). The analogous treatment of 1 with 2a at 80°C for 2.5 h left unchanged the starting materials ( Table 2 , entry 1). The new compounds, amides 6c-j, were synthesized in high yields (77-95%) from the reactions with other acids 2c-j following Method B at 120°C ( Table  2 , entries 3-10). For the synthesis of the bulky amide 6i longer time (4 h) was necessary, while the amide 6j was obtained by MW irradiation at 100°C. When trifluoroacetic acid (2k) was used at 100°C, the reaction led to the isolation of both imidazole 4k and amide 6k (Table 2, entry 11). Table 2 . Synthesis of amides 6a-k by an one-pot tandem procedure from 4-amino-3-nitrocoumarin (1) and acids 2 or through acylation of 3,4-diaminocoumarin (5) The amides 6a-k were also prepared by the acylation of 3,4-diaminocoumarin (5). This compound was obtained by the treatment of 1 with Pd/C in methanol under H2 atmosphere at room temperature for 45 min. The reactions of 5 with carboxylic acids 2a-k under microwaves (Method E) resulted in very high to excellent yields (80-95%) of the amides 6a-k. The temperature was the same, 120°C, for most of the amides (Table 2 , entries [13] [14] [15] [16] [17] [18] [19] . The tert-butyl substituted amide 6i was obtained after prolonged irradiation for 4 h ( Table 2 , entry 20). The methoxyacetamide 6j and the trifluoroacetamide 6k were also prepared by irradiation at 100°C (Table 2 , entries 21, 22) . The latter received together with fused coumarin 4k. These amides are the same as the ones synthesized by Method B.
In the case of formic acid (2a) the temperature was kept at 70°C for the synthesis of amide 6a to avoid the cyclization/condensation to the imidazole 4a ( Table 2 , entry 12). This reaction led to an inseparable mixture of 3-formamide 6aI and 4-formamide 6aII (Scheme 2) in a ratio 10:4, as indicated by the 1H-NMR spectrum. There are distinct protons for these two formamides: 6aI .16) interact (0.06%) only with 4-NH2 protons (7.18). Carbon atoms also are different in the 13 
Scheme 2. Reagents and conditions: (i) Method E: MW.
With the 3,4-diaminocoumarin (5) as starting material, we also performed the one-pot synthesis of fused coumarins 4 by irradiation under microwaves in the presence of acids 2 in higher temperature than before (Method E) ( Table 3 ). The irradiation with formic acid (2a) for 1 h at 100°C resulted to the chromeno [3,4-d] imidazol-4(1H)-one 4a in excellent yield (92%) ( Table 3 , entry 1). The reactions with acetic acid (2b) or propionic acid (2c) for 2 h at 130°C or 140°C respectively gave both compounds 4b,c and the amides 6b,c in almost equal yields (Table 3 , entries 2,3). The outcome of the reactions of acids 2d-i at 150°C was similar giving both fused coumarins 4d-i and amides 6d-i (Table 3 , entries 4-9). The methoxyacetic acid (2j) reacted at 130°C (Table 3 , entry 10). The analogous reaction with trifluoroacetic acid (2k) at 70°C for 30 min led only to the amide 6k in excellent yield (93%) (Table 3, entry 11). It can be seen that, the same Method E, at lower temperature gave only amides 6a-k (Table 2, entries 12-22), while at higher temperature led to compounds 4b-j and amides 6a-k (Table 3, entries 1-11) .
When the reactions with the acids 2b-i,k were performed in the presence of PPA under microwaves (Method F), only the chromeno[3,4-d]imidazol-4(1H)-ones 4b-i,k were isolated in excellent yields (83-92%). The acetic acid (2b) reacted at 130°C (Table 3 , entries 12), while the propionic acid (2c) at 140°C (Table 3 , entry 13). The reactions of the other acids 2d-i at 150°C led to 4d-i respectively (Table 3 , entries [14] [15] [16] [17] [18] [19] . The trifluoroacetic acid (2k) reacted at 110°C to give 4k (Table 3 , entry 21). In the case of methoxyacetic acid (2j) a multicomponent mixture was isolated (Table 3 , entry 20). (4g and 4h) .
The reaction of 4d (R=n-propyl) with 1,2-dichloroethane, as a control experiment for the differentiation of 4I or 4II tautomers, resulted in the synthesis of N-3-substituted derivative 7 (Scheme 3). NOE experiments show only interactions between 9-H (8.14) with 8-H (7.36) (2%) and hydrogen of N-CH2 (4.67) with C-CH2 hydrogen (2.93) (2%). In the NOESY 2D experiment there are only interactions between N-CH2 (4.67) with C-CH2 hydrogen (2.93) and C-CH2CH2 hydrogen (1.90-1.97, m). In the same experiment, vicinal proton's interaction appeared at 8.14 and 7.36 due to the COSY parallel procedure (Supplemental Material). This implies predominance of 4I tautomer in solution. The reported compounds have been tested as antioxidants. In our studies AAPH 42 was used as a free radical initiator to follow oxidative changes of linoleic acid to conjugated diene hydroperoxide. Lipoxygenase LO is the key enzyme in leukotrienes biosynthesis, 49 an important inflammatory mediator. LOs play a role in membrane lipid peroxidation by forming hydroperoxides in the lipid bilayer. Inhibitors of LOX have attracted attention initially as potential agents for the treatment of inflammatory diseases. Most of the LO inhibitors are antioxidants or free radical scavengers, since lipoxygenation occurs via a carbon-centered radical. Among the tested compounds the most interesting representatives are 4a, 4b, 6d, 6h, for which we were able to determine their IC50 values under our experimental conditions. The rest do not present significant biological activity under the reported experimental conditions. 
Conclusions
In conclusion, 2-substituted chromeno [3,4-d] imidazol-4(1H)-ones were synthesized in excellent yields by the one-pot reaction of 4-amino-3-nitrocoumarin with aliphatic acids in the presence of PPh3 and PPA under microwave irradiation. Most of them are new compounds. The title compounds were also obtained under microwaves by the cyclisation and dehydration of 4-amino-3-carboxamidocoumarins in the presence of PPA or by the one pot reaction of 3,4-diaminocoumarin with acids in the presence of PPA. The new 4-amino-3-carboxamidocoumarins were prepared in excellent yield from 3,4-diaminocoumarin and acids in lower temperature under microwaves, while higher temperature led to mixtures of these compounds and the title compounds. Preliminary biological tests indicated inhibition of soybean lipoxygenase for some of the new compounds.
Experimental Section
General. All the chemicals were procured from either Sigma-Aldrich Co. or Merck & Co., Inc. Melting points were determined on a Kofler hot-stage apparatus and are uncorrected. IR spectra were obtained with a Perkin-Elmer 1310 spectrophotometer as KBr pellets. NMR spectra were recorded on an Agilent 500/54 (DD2) (500 MHz, 125 and 188 MHz for 1 H, 13 C and 19 F respectively) using DMSO-d6 or CDCl3 as solvent and TMS as an internal standard. J values are reported in Hz. Mass spectra were determined on a LCMS-2010 EV Instrument (Shimadzu) under Electrospray Ionization (ESI) conditions. HRMS (ESI-MS) were received on ThermoFisher Scientific model LTQ Orbitrap Discovery MS. Silica gel N o 60, Merck A.G. was used for column chromatography. The MW experiment was performed in a scientific focused microwave reactor (Biotage Initiator 2.0). -3-nitro-2H-chromen-2-one (1) (Modification of literature method. 45 ) . A solution of 7M NH3 in MeOH (10 ml, 70 mmol) was placed in a flask containing MeOH (5 ml) in an ice-bath. Then, 4-chloro-3-nitrocoumarin (7.9 g, 35 mmol) was added gradually during 15 min, the ice-bath was then removed and the stirring continued for 30 min at r.t. Cooled water (50 ml) was added to the mixture and the precipitate was filtered, washed with cooled water (3 x 10 ml) and ether (3 x 10 ml) and dried under vacuum to give compound 1 (6.8 g, 94% yield), m.p. m.p. 274-276°C (ethanol) (lit. 45 272-274°C). 3,4-Diamino-2H-chromen-2-one (5) (Modification of literature method. 6, 7, 28 ). In a solution of 1 (1.44 g, 7 mmol) in MeOH (20 ml) 10% Pd/C (0.373 g, 0.35 mmol) was added and the mixture stirred under H2 atmosphere for 45 min (consumption of starting material checked by tlc). The mixture was filtered and the precipitate washed by hot MeOH (3 x 20 ml). The filtrate was evaporated to give compound 5, m.p. 212-214°C (ethanol), lit. 12 201-205°C (dec).
4-Amino

Chromeno[3,4-d]imidazol-4(3H)-one (4a). typical procedures
Method A. 4-Amino-3-nitrocoumarin (1) (0.103 g, 0.5 mmol), formic acid (2a) (0.5 ml, 0.61 g, 13.3 mmol) and SnCl2.H2O (0.338 g, 1.5 mmol) were added to a flask for MW oven. The mixture was irradiated at 100°C for 2 h. After cooling, the resulted solution was filtered through celite and washed by hot MeOH (3 x 10 ml). The filtrate was evaporated under vacuum and the remaining solid partitioned between H2O (20 ml) and ethyl acetate (20 ml). The organic layer was washed with H2O (20 ml), dried over anhydrous Na2SO4 and evaporated to give compound 4a (45 Method B. In a flask for MW oven 4-amino-3-nitrocoumarin (1) (0.103 g, 0.5 mmol), formic acid (2a) (0.5 ml, 0.61 g, 13.3 mmol) and PPh3 (0.328 g, 1.25 mmol) were placed and irradiated at 110°C for 2.5 h. After cooling, the resulted mixture was poured in ethyl acetate (30 ml) and extracted with an aqueous solution of 5% NaHCO3 (3 x 20 ml). The organic layer was dried over anhydrous Na2SO4 and evaporated. The resulted solid was separated by column chromatography [silica gel, hexane/ethyl acetate (1:1) to ethyl acetate/MeOH (9:1)] to give a non-separable mixture of 4a (74 mg, 80%) and 6a (7 mg, 7%) (the yield counted from 1 H-NMR spectrum). Method C. 4-Amino-3-nitrocoumarin (1) (0.103 g, 0.5 mmol), formic acid (2a) (0.5 ml, 0.61 g, 13.3 mmol), PPh3 (0.328 g, 1.25 mmol) and PPA (0.245 g, 2.5 mmol) were added to a flask for MW oven. (Caution! PPA must be covered by the mixture, otherwise the glass might melt and explosion in the MW oven is likely to happen). The mixture was irradiated at 110°C for 2.5 h. After cooling, the resulting product was treated with ethyl acetate (30 ml) and water (30 ml). The organic layer was washed with a 5% aqueous solution of NaHCO3 (3 x 20 ml), dried over anhydrous Na2SO4, evaporated and separated by column chromatography [silica gel, hexane/ethyl acetate (1:1) to ethyl acetate/MeOH (9:1)] to give compound 4a (87 mg, 93%). Method D. In a flask for MW oven were placed 4-amino-3-formamidocoumarin (6a) (51 mg, 0.25 mmol), toluene (1 ml) and PPA (74 mg, 0.75 mmol) and irradiated at 100°C for 1 h. After cooling, the resulted mixture was treated with ethyl acetate (20 ml) and water (20 ml). The organic layer was washed with a 5% aqueous solution of NaHCO3 (3 x 15 ml), dried over anhydrous Na2SO4 and evaporated to give compound 4a (45 mg, 97%). Method E. 3,4-Diaminocoumarin (5) (88 g, 0.5 mmol) and formic acid (2a) (0.5 ml, 0.61 g, 13.3 mmol) were added to a flask for MW oven and irradiated at 100°C for 1 h. After cooling ethyl acetate (1 ml) was added and the mixture filtered under vacuum. The precipitate was washed with ethyl acetate (2 x 0.5 ml) and hexane (0.5 ml) to give compound 4a (86 mg, 92%). Methylchromeno[3,4-d]imidazol-4(3H)-one (4b) . Typical procedure. Method F. 3,4-Diaminocoumarin (5) (44 g, 0.25 mmol), acetic acid (2b) (0.25 ml, 0.26 g, 4.3 mmol) and PPA (0.123 g, 1.25 mmol) were added to a flask for MW oven and irradiated at 130°C for 1.5 h. After cooling ethyl acetate (1 ml) was added and the mixture filtered under vacuum. The precipitate was washed with ethyl acetate (2 x 0.5 ml) and hexane (0.5 ml) to give compound 4b (46 mg, 92% 154.2, 151.7, 146.4, 129.3, 124.5, 121.9, 116.9, 115.8, 113.0, 31.1, 28.5, 28.3, 28.3, 27.5, 22.1, 13.9 . MS by the addition of 40 mM AAPH solution in the presence of the examined compounds (diluted in DMSO). (Table 4 ). Trolox was used as a standard. Soybean lipoxygenase inhibition study in vitro. 42 In vitro study was evaluated as reported previously. The tested compounds dissolved in DMSO were incubated at room temperature with sodium linoleate (0.1 mM) and 0.2 ml of enzyme solution (1/9 x10 -4 w/v in saline). The conversion of sodium linoleate to 13-hydroperoxylinoleic acid at 234 nm was recorded and compared with the appropriate standard inhibitor NDGA (IC50 0.5μM) ( Table 4) .
2-
